A Kunjin (KUN) virus cDNA sequence of 10664 nucleotides was obtained and it encoded a single open reading frame for 3433 amino acids. Partial N-terminal amino acid analyses of KUN virus-specified proteins identified the polyprotein cleavage sites and the definitive gene order. The gene order relative to that proposed for yellow fever (YF) virus is as follows: KUN 5'-C.GP20.E.GP44-P19-P10-P71.(?).P21.P98-3' YF 5'-C.prM-E. NSl.ns2a.ns2b.NS3-ns4a.ns4b-NS5-3'. The order of putative signal sequences and stop transfer sequences indicated that KUN NS1, NS2A and NS4B are probably cleaved in the lumen of the endoplasmic reticulum, at a consensus site VaI-X-AIa~ where X is an uncharged residue, and NS2B, NS3 and NS5 are cleaved in the cytosol at the site Lys-Arg,[Gly. Comparisons with the complete amino acid sequences of YF and West Nile (WN) viruses showed that KUN virus shared 93% homology with WN virus, but only 46% homology with YF virus. Comparisons among individual gene products of six flaviviruses showed that E, NS1, NS3 and NS5 tended to be the most highly conserved, and C among the least conserved. Homologous cleavage sites were evident, and six domains in NS5, a total of over 170 residues, shared at least 85~ homology. Comparisons with the KUN C to NS2B sequence defined a gradient of relationships of all gene products in decreasing order WN > Murray Valley > Japanese encephalitis > St Louis encephalitis viruses within this closely related serological complex. A non-coding 5' sequence (75 nucleotides) of KUN virus shared 95% homology with WN virus and a shorter imperfect match with Murray Valley encephalitis virus (15 of 18 nucleotides). The KUN non-coding 3' sequence of 290 nucleotides contained several short and imperfectly matched sequences, and shared 87 % homology over the distal region of 191 nucleotides with the corresponding region of WN virus RNA.
INTRODUCTION
Flaviviruses constitute about 65 species of the genus Flavivirus within the recently created new family of enveloped RNA viruses, the Flaviviridae (Westaway et al., 1985) . The spherical enveloped virions are 45 to 50 nm in diameter, and the plus sense genome with Mr about 4 x 106 functions as the only viral RNA. Species are distributed worldwide and cause encephalitis, yellow fever, dengue and other infections in man. Most are mosquito-transmitted and these are grouped into five serological complexes or subgroups (Porterfield, 1980) . Kunjin (KUN) virus is indigenous to eastern and northern Australia and is within the serological complex comprising West Nile (WN), Murray Valley encephalitis (MVE), Japanese encephalitis (JE), and St Louis encephalitis (SLE) viruses (Porterfield, 1980) . The nucleotide sequence and gene structure of yellow fever (YF) virus, the flavivirus type tailed, PstI-cut pBR322 in a reaction mixture containing 50 mM-Tris-HCl pH 7.4, 10 m~-MgClz, 10 mM-DTT, 1 mM-spermidine, 1 mM-ATP and 100 ~tg/ml BSA. The ligation mixture was used to transform competent E. coli strain DH 1 (Maniatis et aL, 1982) . These cells were plated onto L-broth agar containing 15/~g/ml tetracycline and the transformants obtained were tentatively confirmed by their sensitivity to 40 Ixg/ml ampiciUin. Approximately 850 transformants were isolated. Characterization ofcDNA clones. In order to confirm positively the presence of KUN cDNA, all transformants were probed by in situ colony hybridization (Maniatis et al., 1982) with [32p] cDNA synthesized by randomly primed reverse transcription of KUN RNA. More than 90~ were shown to be KUN virus-specific. Plasmid DNAs were sized by digestion with EcoRI and the larger clones were used for the preparation of a restriction map giving the possible positions of these clones along the KUN genome.
DNA sequencing. Because the cDNA clones were too large to be stably subcloned into the sequencing vector M 13, two approaches were used for sequencing. The first, which was used to sequence most of the largest clone (pKV62), utilized the endonuclease DNase I. The cDNA fragment from pKV62 was gel-purified, and incubated for I to 3 min at 15 °C in a reaction mixture containing 50 mM-Tris-HCl pH 7.5, 1 mM-MnCI2, 100 ~g/ml BSA and 1-5 ng of DNase I. The second method utilized exonuclease Ba131 and was used to sequence the remainder of the clones. Thus gel-purified DNA was incubated for from 20 to 90 s at 30 °C in a reaction mixture containing 12 mMCaC12, 12 mM-MgCI2, 200 mM-NaCI, 20 mM-Tris-HCl pH 8.0, 1 mM-EDTA and 1.0 unit of Bal 31. After enzymic digestion in both methods, the ends of the fragments were made flush by Klenow polymerase and they were subcloned into the Smal site of either M13 mp8 or mp9 (Messing, 1983) . Single-stranded phage DNA was sequenced by the chain termination method (Sanger et at., 1977) .
Analysis of sequence data. Alignment of nucleotide sequences was performed using the programs of Queen & Korn (1984) . All subsequent analyses were performed using the programs of Staden (1986) .
Preparation ofradiolabelled KUN virus proteins. The intracellular form of each KUN virus structural protein was isolated as previously described . Briefly, KUN proteins were radiolabelled in infected Vero cells and, after harvesting, were separated by electrophoresis on polyacrylamide gels from a mixture of N-terminalamino acid sequencing. Labelled viral proteins were analysed by Edman degradation (Edman & Begg, 1967) using an Applied Biosystems model 470A gas phase sequenator. After the appropriate number of cycles the fractions were counted in a Packard 300CD liquid scintillation spectrometer.
RESULTS

Cloning of KUN virus RNA
A genomic library was established of KUN cDNA clones inserted in the PstI site of the plasmid pBR322. Viral specificity of the clones was established as described in Methods. By cross-hybridization and restriction mapping, ten overlapping clones were found to comprise a continuous sequence longer than 10 kilobases (Fig. 1) . The largest and most distal, clone pKV62 comprising 2.8 kilobases, did not contain a sequence complementary to the synthetic primer used for first strand cDNA synthesis.
Nucleotide sequence
Subclones were generated by digestion with endonuclease DNase I or exonuclease Bal 31, and inserted into the M13 vectors for sequencing by the dideoxy method (see Methods) . A single open reading frame extending to within about 200 nucleotides of the 3' terminus of clone pKV62 was identified. The nucleotide and deduced amino acid sequences were found to share a great deal of homology with the WN virus sequences Wengler et al., 1985) which facilitated alignment of subclones. Ten open reading frames of 100 to 200 codons each commencing with a methionine codon were present in the negative strand. Comparison of the length of the 5' and 3' terminal non-coding regions with those of YF, WN and MVE viruses (Rice et al., 1985; Dalgarno et al., 1986; Castle & Wengler, 1987) indicated that the known KUN virus sequence commenced 20 to 40 nucleotides from the 5' end, and probably terminated about 250 nucleotides before the 3' end of the genome. The defined 0 3000 6000 Fig. 1 . Map of the cDNA clones of KUN virus RNA and the gene order (shown in boxes) derived from the deduced amino acid sequence. Each clone shown was sequenced entirely, except for the regions shown by dotted lines in pKV90 and pKV621, by the dideoxy termination method after subcloning segments into bacteriophage M 13. Each region was sequenced at least twice using different subclones. A continuous open reading frame was obtained extending from nucleotides 76 to 10374. The start points of each gene were obtained by partial N-terminal amino acid analysis of radiolabelled virusspecified proteins purified from infected cells, except for M, NS1 and ns4a. M is the C-terminal fragment of prM which is cleaved late at the site indicated by a broken line. The start points for M and NS1 were identified by comparing the deduced amino acid sequence with the corresponding sequences defined for M of WN virus and NS 1 of YF virus (Rice et al., 1986a) ; the site for the start of ns4a is hypothetical (see text). The cleavage sites in the polyprotein are indicated using the single letter amino acid code. Stippled areas at the C-terminal region of NS2A, NS2B, NS4B and NS5 represent the polypeptide sequences of Mr 5000 to 6000 which appear to be missing from these gene products. The scale at the top of the figure is for number of nucleotides (upper) or amino acids (lower) in the coding region.
sequence of 10664 nucleotides and the deduced amino acid sequence are shown in Fig. 2. A single long open reading frame of 10299 nucleotides codes for 3433 amino acids.
By comparison, YF and WN viruses code for 3411 and 3430 amino acids respectively (Rice et al., 1985; Castle et al., 1986) . Codon usage for KUN virus (results not shown) was very similar to that reported for YF and WN viruses. The homology in the KUN virus nucleotide sequence relative to YF and WN viruses over the 10664 nucleotides was 55~o and 79~ respectively.
Location in the nucleotide sequence of the genes for E, C and prM proteins
The intracellular equivalents of KUN virion proteins E and C are P51(E) and P14(C), respectively . These intracellular proteins were radiolabelled, purified ( Fig. 3) and sequenced in the gas phase sequenator, as described in Methods. Amino acid residues identified near the N termini (Fig. 4) were readily matched with the deduced amino acid sequence (Fig. 2) , which was found to be exactly homologous for the first seven or more residues with the N termini for E and C of WN and MVE viruses Dalgarno et al., 1986; see Fig. 5 ) which belong to the same serological complex or subgroup as KUN virus (Porterfield, 1980) . Partial N-terminal amino acid analysis (Fig. 4 ) of radiolabelled GP20 (formerly designated as the glycoprotein NV2) matched the deduced amino acid sequence commencing at Val-124, which is homologous to the corresponding sequence at the N terminus of NV2 of WN virus (see
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Fig. 2. Nuclcotidc and deduced amino acid scquencc of the KUN virus gcnomc obtained from the cDNA clones in Fig. I . The start of each genc as identified in the tcxt is shown by an arrow at each clcavagc site in the polyprotein sequcncc. Hydrophobic sequences prcceding the start of prM, E, NSI and NS4B are underlined. Potcntial N-linked glycosylation sites in prM and NSI arc stippled, and the stop codons at the 3' end of the coding sequence are doubly underlined. In the 5' non-coding region, the nucleotide sequence of 75 nucleotidcs is homologous with WN virus RNA (four mismatches) and is overlined; another sequence of 18 nucleotidcs is homologous with MVE virus RNA (three mismatches) and is underlined. In the 3' non-coding region, four pairs of imperfectly matched repeat sequcnces (scc text) are ovcrlined with single or double lines, or underlined with either single or triple lines.
Fig. 2 and 5)
. Rice et al. (1985 , 1986b showed that the distal amino acid domain of NV2 represents the sequence of virion M, the membrane protein. Rice et al. (1985) therefore redefined NV2 as prM, precursor of M. Similarly, within the deduced amino acid sequence of KUN GP20, the N terminus of the putative M must commence at amino acid residue 216, by analogy with the identified position of the first and subsequent residues of M in the corresponding sequence of WN virus see Fig. 5 ). KUN GP20 is therefore identified as prM (see also Crawford & Wright, 1987) . . Lanes 1 and 7 show KUN virus-infected and mock-infected cytoplasm, respectively.
(E) and P I4(C) were identified as equivalent to E and C by reference to the radiolabelled structural proteins from virions (lane 6). GP20 was identified by comparison with [3H]mannose-labelled infected cytoplasm (lane 4). M is visible only faintly in the autoradiograms, and is not detectable in infected cytoplasm
Characteristics of the structural proteins The C protein comprises 122 amino acids (total Mr 13 400) and includes 13 residues each of Arg and Lys (total 21 ~); this basic amino acid content probably serves to neutralize negative charges on RNA (Rice et al., 1985) . The initiating Met residue of K U N virus intracellular C is apparently cleaved by a cellular methionine amino peptidase, as noted for virion C of YF virus (Rice et al., 1985) and for some but not all molecules of C from WN virus . Intracellular C migrates slightly faster than virion C and lacks a [35S]methionine_labelled tryptic peptide, as does intracellular C of WN virus Wengler et al., 1979) ; details of this modification affecting C have not been characterized. The carboxy-terminal 15 amino acid residues of C comprise a hydrophobic domain which probably represents a signal sequence for the insertion of prM across the membrane and into the lumen of the endoplasmic reticulum, and provides a cleavage site Val-Gly-AlaJ, for the cellular signal peptidase in the form defined by von Heijne (1985) .
Glycosylated NV2 or GP20, now identified as prM, is often associated with radiolabeUed K U N virions released from infected cells (Westaway & Shew, 1977; Wright et al., 1980) . The polypeptide backbone of 167 amino acids has an Mr of 18 400. A single glycosylation site Asn-AlaThr is located 15 residues from the N terminus and is utilized (Wright et al., 1980) . The glycan is N-linked to Asn (attachment is inhibited by tunicamycin) and is found in two sizes, estimated Mr 1600 and 2400 (Wright et al., 1980 (Wright et al., , 1981 . Cleavage ofprM to generate protein M (75 amino acids, Mr 8200), and an unidentified glycoprotein remainder of about Mr 12 000, occurs between the polyprotein residues 123 and 124. This cleavage apparently occurs late in virus assembly or not at all. The cleavage site Ser-Arg-Arg-Ser-Arg-Arg~Ser is identical or similar to that within prM of other flaviviruses (see Fig. 5 ), and includes the sequence Arg-X-Arg/Lys-Arg common to cleavages of other unrelated viral glycoproteins (Rice et al., 1986b) . The occurrence of only two [35S]methionine-labelled tryptic peptides in K U N M is in accord with the locations of the three Met residues in M. Residues were collected separately and counted for radioactivity. The number of cycles used for analysis varied. The amino acid sequence shown at the botton of each frame was located in the polyprotein translated from the nucleotide sequence, by comparison with the positions of the radioactive residues. Identified residues are underlined. GP20 was established as prM by its position in the gene sequence (Fig. 2 ).
The C terminus of KUN M contains two hydrophobic sequences separated by a charged residue, as occurs in other flaviviruses (see Trent et al., 1987) , providing an anchor region and an internal signal sequence for cleavage of E, the next gene product. The four residues preceding the cleavage site, Phe-Ala-Tyr-Ser, are conserved for KUN, WN, MVE, SLE, JE and YF viruses, but not for DEN-2 virus (see Fig. 5 and Trent et al., 1987) or DEN-4 virus (Zhao et al., 1986) . The E protein of KUN and WN virions is of special interest because unlike that of other enveloped viruses, it is not glycosylated (Wright, 1982; Wengler et al., 1985) . Accordingly, there are no glycosylation sites in KUN E, which comprises 501 amino acids, Mr 53700, and terminates with two hydrophobic sequences which would anchor the C terminus in membranes.
Cleavage is indicated at a putative signal peptidase site Val-His-Ala which precedes the N terminus of NSI (see below), and agrees with a consensus site Val-X-Ala in the same position for WN, YF, MVE, JE, SLE, DEN-2 and DEN-4 viruses (see Fig. 5 and Speight et al., 1988) .
Locations of the genes for the ns proteins
The location and identity in the polyprotein sequence of NS2A, NS2B, NS3, NS4B and NS5 were established by partial N-terminal amino acid sequences of five KUN ns proteins (Speight et al., 1988) . Their previous designations were P19, P10, P71, P21 and P98 respectively and they were shown to be unique by tryptic peptide mapping . P19 was previously assumed incorrectly to be the polypeptide of the glycoprotein GP20 or NV2 (Westaway & Shew, 1977; . The flavivirus ns glycoproteiri gp44-48 (originally NV3) was defined as NS1 for YF virus by Rice et al. (1985 Rice et al. ( , 1986a . The deduced N-terminal sequence of KUN NS1 (Asp-Thr-GlyCys-Ala-Ile; Fig. 2 ) and its position correspond well with the identified N terminus of NS1 for SLE and YF viruses (Asp-Ser/Gln-Gly-Cys-Ala-Ile; Rice et al., 1986a; Trent et al., 1987) . The location of the N terminus of the hypothetical ns4a was based on the measured size of NS3 and the sequence at its putative cleavage site (see below); its coding region representing 149 amino acids is significantly smaller than the 287 residues previously assumed for ns4a of YF virus (Rice et al., 1985) . The identified N terminus of NS4B is preceded by a hydrophobic sequence, as is the N terminus of NS1.
The sequences of all the KUN genes for the ns proteins discussed in this section are presented in Fig. 2 . These show that the cleavage sites preceding the N termini of NS2B, NS3, ns4a and NS5 are of the form reported by Rice et aL (1985) i.e. a pair of basic amino acids, followed by a short side chain amino acid. We have discussed in a separate communication (Speight et al., 1988) an apparent consensus sequence Val-X-Ala which precedes the N termini of KUN NS 1, NS2A and NS4B, and which was located also in the three corresponding positions of the deduced polyprotein sequences of YF, WN, MVE, DEN-2 and SLE viruses (see some comparisons in Fig. 5 ). For NS1 and for NS4B, this sequence represents a potential signal peptidase site completing a signal sequence (yon Heijne, 1985) . The form of the cleavage site for NS2A and NS4B thus differs from that proposed for the hypothetical ns2a and ns4b by Rice et al. (1985) , who assumed that the cleavage site of all ns proteins other than NS 1 involved a pair of basic amino acids.
Characteristics of NS1, NS3 and NS5
In contrast to the small ns proteins, the larger products NS1, NS3 and NS5 are relatively hydrophilic (see Fig. 6 ). KUN NS3 and NS5 were strongly radiolabelled in infected cells and were easily removed from membranes and digested by trypsin in the presence of dilute detergent (P. J. Wright, personal communication) . KUN NS1 is detected in infected cells only in trace amounts by radiolabelling (Westaway, 1973 ) and hence appears to suffer extensive and rapid degradation. Smith & Wright (1985) identified DEN-2 NS1 as the 'soluble complement-fixing antigen'. The hydrophobic anchor sequence reported to be in NS1 by others, when NS2A was not defined (Rice et al., 1986b; Dalgarno et al., 1986) , is shown by our data to occur after the N terminus of NS2A (Fig. 2) . Thus KUN NS1 is not anchored in membranes, although NS1 antigens are readily visible in discrete cytoplasmic foci by immunofluorescence of DEN-2 or KUN virus-infected cells (Westaway & Goodman, 1987) . Three potential glycosylation sites exist in the NSI sequence (Fig. 2) , but NS1 was not detectably radiolabelled with mannose or glucosamine in KUN virus-infected cells (Westaway & Shew, 1977; Wright & Wart, 1985) . The polypeptide backbone of KUN NS1 has a calculated Mr of 39800.
NS3 and NS5 are putative RNA polymerase proteins with calculated Mr of 68 900 and 103 600 respectively. The canonical sequence Gly-Asp-Asp (G-D-D) thought to be essential for RNAdependent RNA polymerases occurs in NS5 in the same position noted for YF virus NS5 by Rice et al. (1986b) . NS3 does not contain the G-D-D sequence, but similar to KUN NS5, NS3 was localized in cells with double-stranded RNA, the recycling template for flavivirus RNA synthesis (Chu & Westaway, 1985) by immunofluorescence (E. G. Westaway et al., unpublished results [[[[[[[[ [[£;[[[[[[ [[[[[[ii[[ [[[Y[[[[[[ [[[[ii2[k; [~[[[[[21[ li[[[~i[[vi The measured sizes of NS 1 and NS3 correspond with their predicted sizes, assuming that ns4a does not represent a truncated region of NS3. However, NS5 migrates in polyacrylamide gels as a protein of Mr 98 000, whereas its predicted size is Mr 103 600. The only potential cleavage site in the deduced amino acid sequence of KUN NS5 which might cause a molecular weight loss of about 6000 from the carboxy region of the NS5 gene product is Gly-Lys-ArgJ, Glu located 59 amino acid residues before the stop codon (Fig. 2) . However, the flanking residue Glu is large relative to the small amino acid usually found in this position. A similar potential cleavage site occurs in the same position for WN and YF (see Fig. 5 ). There are no sequences within NS5 of the form VaI-X-Ala as discussed earlier.
Characteristics of the small non-structural proteins NS2A, NS2B, ns4a and NS4B
The functions of NS2A, NS2B, ns4a and NS4B are unknown; predicted Mr are 25 400, 14400, 16100 and 27 500, respectively. They are all strongly hydrophobic (see Fig. 6 ) but the strength of their binding to membranes varies. KUN NS2B was strongly resistant to removal by dilute detergent plus trypsin, NS2A was partially resistant, and NS4B was degraded completely under these conditions (P. J. Wright, personal communication). These three ns proteins all appear to be truncated at their C termini; the deletions in amino acids represent about 60, 40 and 60 residues for NS2A, NS2B and NS4B, respectively. They contain no suitably located potential cleavage site sequences in the form of a pair of basic amino acids flanked by Gly, Set or Ala (Rice et al., 1985) , or in the form of the apparent consensus sequence Val-X-AIa, which might account for the truncations.
The cleavage event which generates KUN NS2B occurs after a short delay in pulse-labelling experiments (Westaway & Shew, 1977) . NS2B has two features which may be relevant to delayed cleavage. It is the first ns protein to be cleaved apparently in the cytosol by a putative virus-encoded protease, and is the only single gene product known definitely to be bounded at both termini by the cleavage site involving a pair of basic amino acids.
Complementary nature of KUN nucleotide sequences near the start of ns cistrons to ribosomal
RNA sequences Translation mapping experiments with KUN virus suggested that internal initiation of translation of ns proteins may have occurred after reversal of hypertonic inhibition (Westaway, 1973) or after ultraviolet irradiation of infected cells (Westaway et al., 1984) . We therefore examined the nucleotides near the start points of each ns cistron for sequences complementary to the 3' sequence of 18S and 28S ribosomal RNA for evidence of possible ribosome-binding sites. Other workers have claimed that ribosomal binding to sites of internal initiation in viral messengers is assisted by such complementarity (Koch et al., 1982; McClain et al., 1981; McClure & Perrault, 1985; Petersen & Hackett, 1985) . Complementary sequences were found near the start points of NS2A, NS2B, NS4B and NS5 (Table 1) ; the putative ribosomal binding sites commenced 41, 69, 32 or 15 nucleotides, respectively, before an in-frame AUG codon which was located within two to eight codons of the known cleavage sites of the polyprotein. These sites for all except NS2B included the common sequence 5' AC~CUUGU which was complementary to the 3' domain of both 18S and 28S ribosomal RNA. Furthermore, the flanking sequences of the nearby in-frame AUG codon compared favourably with an optimum initiation sequence ANNAUGG specified by Kozak (1983) . hypothetical start points originally proposed for ns2a and ns4b of YF virus are indicated by shaded arrows. Conserved putative signal sequences preceding prM, E, NS1 and NS4B are marked by lines above the KUN sequence and below the YF sequence. Conserved putative stop transfer sequences are doubly overlined. Conserved sequences elsewhere of more than 14 uncharged residues are indicated by a single overline only. In the NS5 sequence, the Gly-Asp-Asp sequence is boxed, and six conserved sequences with 85~ or better homology are boxed by dashed lines. Potential N-linked glycosylation sites in prM, E and NS1 for each virus are stippled. The positions of conserved Cys residues are indicated by asterisks. The conserved features noted above are retained also in the published sequences of the structural region of dengue-2 and dengue-4 viruses (Deubel et al., 1986; Zhao et al., 1986; Biedrzycka et al., 1987) . terminal nucleotides of human 18S ribosomal RNA (Torczynski et al., 1985) and rat 28S ribosomal RNA (Chan et aL, 1983) . 
Comparisons of the coding region of KUN virus with that of WN and other flaviviruses
Fig. 5 compares the complete amino acid sequence of KUN, WN and YF viruses, and the MVE, JE and SLE sequences to the N-terminal domain of NS3. Twelve Cys residues are completely conserved in each of E and NSI, and six Cys residues in prM preceding the N terminus of M. Beyond NS1, the only Cys residues conserved are those marked in Fig. 5 , namely two in NS3 and 12 in NS5. The strong similarity in most regions of the sequences of the closely related KUN, WN, MVE, JE and SLE viruses is obvious. Trent et al. (1987) have already noted the three completely conserved domains of 16, 8 and 7 amino acid sequences within the flavivirus E, and these also occur commencing at KUN residues 388,607 and 711, respectively. Among the other genes, the strongest regions of homology are found within prM (7/8 match commencing at KUN 185), NSI (two matches of 9/10 including either one or three Cys residues, commencing at KUN amino acids 1119 and 1102, respectively), NS3 (9/10, 12/13, 12/13 and 15/16 matched residues, commencing at KUN amino acids 1636, 1694, 172l and 1789, respectively, all containing one Pro residue), and NS5 (as detailed below). The structural or functional reasons for these conserved domains remain to be elucidated. Table 2 shows that the close serological relationships within the KUN-WN-MVE-JE-SLE complex, based largely on neutralization tests, i.e. on reactions of antibodies with the E protein (Porterfield, 1980) , are reflected in the high homologies between all their compared amino acid sequences. These form a gradient of relationships: WN > MVE > JE > SLE. In contrast, homologies with YF virus amino acid sequences are much less, except for NS3 and NS5 in accord with their postulated role as components of the flavivirus RNA polymerase. However, the locations of the long hydrophobic or uncharged sequences among the four small ns proteins are always strongly conserved (Fig. 5) . Within NS5 for YF, WN and KUN viruses, the residues flanking the canonical RNA polymerase sequence G-D-D, and five other non-contiguous sequences, share 85 ~ or greater homology in a cumulative total of over 170 residues (marked in Fig. 5 ). Three of these regions in the YF sequence were shown by Rice et al. (1986b) Wengler et al. (1985) and Rice et al. (1986b) . (0) at the N terminus of prM and E indicate that cleavage occurs in the lumen of the endoplasmic reticulum at a putative signal peptidase site; (~) indicates late cleavage of prM, possibly by a Golgi apparatus protease, leaving the structural protein M anchored in the membrane near the site of anchorage at the C terminus of the E protein. (C) ) at the N terminus of NS1, NS2A and NS4B indicates cleavage is effected by a virus-specified protease confined to the lumen, or by an enzyme analogous to a signal peptidase, which recognizes the consensus sequence VaI-X-Ala, where X may be one of several uncharged amino acids; for NS2A of JE virus, X appears to be represented by Asp (see Fig. 5 ). (V) at the N terminus of NS2B, NS3, ns4a and NS5 indicates that their cleavage occurs in the cytosol, at a characteristic sequence Lys/Arg-ArgSGly/Ser/Ala which is recognized by a virus-specified protease (Rice et al., 1985) . (¥) indicates a potential N-linked site of glycosylation; the number and position of these sites vary within prM, E and NS1 of different flaviviruses. Within the membrane, a thickened line in the polypeptide represents a signal sequence and a wavy line represents a stop transfer sequence. Ribosomes translating the flavivirus messenger RNA are bound to the membrane during elongation of regions of the nascent polyprotein beginning with a signal sequence and terminating at the next stop transfer sequence.
that amino acid substitutions or changes are predominantly conservative. For example, comparison of the amino acid sequences of KUN and WN viruses shows that deletions occur rarely, four residues in E of WN, one compensating deletion in NS1 for both viruses, and one deletion in KUN NS4B. Both these virus sequences include potential glycosylation sites (Asn-XSer/Thr) in prM (one only) and NS 1 (three only) in identical locations; as noted earlier, there are no potential glycosylation sites in their E sequences. The deletion in E of the WN sequence corresponds to the only conserved glycosylation site, Asn-Tyr-Ser, in E of MVE, JE and SLE viruses (Fig. 5) ; although the deletion has not occurred in E of KUN virus, an apparent mutation to Asn-Tyr-Phe has inactivated the potentially conserved glycosylation site. Nterminal amino acid analyses of the WN virus ns proteins are not available, but sequences in the established cleavage regions for KUN virus polyprotein are identical with the corresponding sequences of WN virus, so there is no obvious reason to doubt that the proteolytic cleavage sites, and hence the boundaries of each gene, differ in any respect for the two viruses.
Proposed strategy for intracellular separation of protease activities in cleavages of the flavivirus nascent polyprotein We postulated that flavivirus NS2A and NS4B may each be cleaved at the N terminus within the lumen of the endoplasmic reticulum by a signal peptidase, or by a virus-specified protease (Speight et al., 1988) . Subsequently in translation, the C-terminal domain of each protein must be prevented from entering the lumen by a stop transfer sequence (Sabatini et al., 1982) , so that the next cleavage site (i.e. for NS2B or NS5) characterized by a pair of basic amino acids is exposed in the cytosol, where the relevant enzyme appears to function (Rice et al., 1986b) . Fig. 5 shows that several conserved putative stop transfer sequences exist within NS2A (three or four) and NS4B (five or six) for all compared flaviviruses. Such sequences were reviewed by Sabatini et al. (1982) and comprise a hydrophobic enriched segment of about 20 residues, followed immediately by a hydrophilic segment containing charged amino acids, especially Arg or Lys. These specifications are met by most of the putative stop transfer sequences shown in Fig. 5 for NS2A and NS4B. Fig. 7 presents a generalized scheme of postulated sites of cleavage of the flavivirus polyprotein, and their relation to the membrane of the endoplasmic reticulum for each cleavage event during translation, based on the data in Fig. 5 .
Terminal nucleotide sequences
As noted earlier, the KUN sequence shown in Fig. 2 does not extend to the 5' and 3' ends of the genome, probably lacking 20 to 40 bases and about 250 bases, respectively. However, some comparisons with other flavivirus sequences are possible. The sequence of 75 bases immediately upstream of the initiating AUG codon of KUN differs by only four bases from the corresponding sequence in the WN genome (Castle & Wengler, 1987) , but no comparable homology in this domain exists with the corresponding sequence of DEN-2, DEN-4, MVE, SLE, JE and YF viruses (Deubel et al., 1986; Zhao et al., 1986; Dalgarno et al., 1986; Trent et al., 1987; Sumiyoshi et al., 1986; Rice et al., 1985) . Between nucleotides 9 and 28 a shorter region of homology exists with the sequence of MVE virus in the same location:
Three stop codons in the correct reading frame occur within the first 25 nucleotides beyond the 3' end of the coding sequence of KUN, WN and YF viruses. There is little homology between the KUN and WN sequences within the next 96 nucleotides after the first stop codon, but from this point (nucleotide 10 474) to the end of the known KUN virus sequence (nucleotide 10664), there is 87~ homology with the sequence beginning 48 nucleotides after the first WN stop codon . In contrast, regions of homology between the comparable KUN and YF 3' non-coding sequences are limited to five domains of only four or five nucleotides each. Three pairs of repeat sequences with greater than 75 ~ homology (matches of 10/12, 11/14 and 13/17 nucleotides) occur within the first 103 residues of the KUN 3' non-coding region, and the domain also includes matches of 8/8 and 19/26 nucleotides (Fig. 2) . These repeat sequences are rather less extensive than those reported for the same region of WN and YF virus RNAs (Rice et al., 1985; .
DISCUSSION
These results define for the first time the complete coding sequence which can be related unequivocally to all the specific gene products of a flavivirus, the only exception being the hypothetical ns4a. Observed omissions or differences in apparent sizes of some gene products (see Westaway et al., 1977; Westaway, 1987) are probably due to variable glycosylation of prM, E and NS 1, incomplete post-translational cleavages of the small ns proteins, and comigration in polyacrylamide gels of prM and NS2A or NS4B. The events which cause apparent reduction in size of KUN NS2A, NS2B, NS4B and NS5 remain unexplained. It would require very active carboxypeptidases to remove such large tracts of their C-terminal sequence, and definition of their precise C termini requires further sequence analysis. The Mr of NS5 for KUN, WN and YF viruses measured in sizing gels is 97000 to 98000, but the predicted Mr is 103600 (905 amino acids; see Fig. 5 ). Castle et al. (1986) identified a tryptic peptide from WN NS5 which was located only three amino acid residues in front of the termination codon. If WN NS5 does not migrate anomalously in all gel systems employed, it is unique in that it is either truncated post-translationally at the N terminus, or its cleavage site is located about 50 residues distal to the apparently homologous site evident in Fig. 5 .
In regard to possible functions of the ns proteins, evidence for a role as RNA polymerase has already been discussed for NS3 and NS5 (see Results). Because NS2A is the first ns protein in the nascent polyprotein with a cleavage site at the C terminus involving a pair of basic amino acids, either NS2A (or NS2B) is autocatalytic, or the protease activity with specificity for cleavage at the N terminus of NS2B, NS3, ns4a and NS5 resides in C, the only cytosolic protein translated from a preceding cistron. If signal peptidase is not involved in cleavage at the consensus sequence Val-X-Ala for NS1, NS2A and NS4B, a second virus-specified protease is required, which should function within the lumen of the endoplasmic reticulum. In this regard it is perhaps relevant that both the glycoproteins prM and NS1 contain a Cys-Trp sequence, often characteristic of the active site of thiol proteases (Takio et al., 1983) , in their most conserved amino acid sequences (commencing at KUN residues 185 and l ll9, respectively; Fig. 5 ). Rigorous proof of existence of the flavivirus protease(s) will require the use of deletion mutants or of genetically engineered cDNA able to express the appropriate products. Other postulated roles for the ns proteins include control of synthesis of plus and minus strand RNA, and capping of viral RNA.
We have consistently been unable to radiolabel NS 1 in KUN virus-infected cells in other than trace amounts, but KUN NS1 antigens are detectable on the cell surface and in cytoplasmic foci by immunofluorescence (Westaway & Goodman, 1987) . We have also been unable to show by gel electrophoresis of KUN virus-infected culture fluids that [35S]methionine-labelled NSI was secreted from cells (results not shown). Bachmair et al. (1986) recently proposed that proteins with Asp at the amino terminus, as in NSI, have a half-life in the cytoplasm of only 3 min, but are protected if compartmentalized; NS1 is almost certainly sequestered largely within the endoplasmic reticulum but is unstable. The more stable NS 1 of some other flaviviruses also has Asp as the amino terminus (see Fig. 5 and Speight et al., 1988) , thus Asp does not appear to be a signal for degradation of NS1. Rogers et al. (1986) presented data showing that sequences enriched in Pro, Glu, Ser, Thr and Asp ('PESTD sequences') and bounded by Arg, Lys or His, are common to rapidly degraded proteins. PESTD sequences represent 7/9, 7/14, 10/20 and 12/20 residues in four sequences bounded by positively charged residues within KUN NS1. There are no sets of five or more contiguous PESTD residues, as occur often in rapidly degraded proteins. The significance of the PESTD sequences remains uncertain. Although the function of NS1 is unknown, its apparent degradation does not reduce the yield of KUN virus relative to other flaviviruses.
Our results show that the homologies between KUN and WN viruses in nucleotide sequence (79~o) and deduced amino acid sequence (93~o) are much greater than those between the other characterized members of their serological complex (see Fig. 5 and Table 2 ). KUN virus is distributed widely in Australia, and WN virus in Africa, the Middle East, Europe and Asia (Monath, 1986 ). An evolutionary link between KUN and WN viruses may persist in Southeast Asia because KUN virus has been isolated from mosquitoes in Borneo (Bowen et al., 1970) . However, the evolution of KUN virus within Australia has been slow; the nucleotide divergence between any pair of KUN virus isolates is 'probably less than 1 ~' (Lobigs et al., 1986) . It is of interest that large domains of high homology, 94~ and 87~, persist in the KUN and WN sequences within the 5' and 3' non-coding regions, respectively, suggesting common structural or functional purposes. It should be noted that MVE virus, which cocirculates in Australia with KUN virus, appears to be more closely related to KUN and WN viruses than are the other species compared in Fig. 5 and Table 2 .
Although E is presumably the gene product most subject to antibody pressure during evolution, the homology comparisons in Table 2 show that within the KUN-WN-MVE-JE-SLE complex, E is even more conserved than NS1 and the other highly conserved gene products. Pairwise comparisons of the percent identities calculated from the data in Fig. 5 show that E of MVE and JE are very closely related (85~o homology); they have greater homology with E of KUN and WN (78~ to 79~o) than with E ofSLE (72~ to 74~). The homology ofYF E with the other flavivirus E sequences is much less. C is among the least conserved of all the compared flavivirus gene products (Table 2 ; see also Trent et al., 1987) .
The conservation in total coding content of YF, WN and KUN viruses, all within a range of 3411 to 3433 amino acids, and in sizes of individual genes is remarkable. In a recent survey of the literature, gene products of KUN virus were closely matched for size and number with those of six other flaviviruses (Westaway, 1987) . All of these species specified a polypeptide of Mr about 30000, sometimes appearing in gels as a doublet, which for KUN virus was originally defined as NVX (Westaway, 1973) . Recently, Lyapustin et al. (1986) reported that p33-36 specified by tick-borne encephalitis virus included a subset of oligopeptides derived from core protein C. Failure of the first proteolytic cleavage, i.e. between flavivirus C and prM, would generate a polypeptide of Mr 31800 for KUN and most other characterized flaviviruses, in agreement with the measured size of NVX. Amino acid sequences homologous with the consensus cleavage sites defined for the KUN ns proteins exist in the published polyprotein sequences of WN, MVE, JE, SLE and YF viruses (Fig. 5) and of DEN-2 and DEN-4 viruses (see Speight etal., 1988) . It seems more than likely that the sites are common to all flavivirus polyproteins. Furthermore, flaviviruses appear to have evolved a strategy to separate the intracellular locations where different proteases effect as many as 10 cleavages in the nascent polyprotein. Details of the translation strategy, especially of the interaction of gene products with the endoplasmic reticulum, and the functions of the ns proteins, require further study. Based on the KUN sequence data, it will be possible to specify and construct cDNA clones representing precisely one or more of the genes for the seven ns proteins.
